Objective: To characterize the effect of white matter microstructural integrity on cerebral tissue and long-term functional outcomes after acute ischemic stroke (AIS).
The role of white matter hyperintensity (WMH), or leukoaraiosis, in outcomes after acute ischemic stroke (AIS) is increasingly recognized through its link to larger acute infarct lesions, 1 likelihood of infarct expansion, 2 and association with worse functional poststroke outcomes. [3] [4] [5] However, a growing body of evidence suggests that macrostructural white matter (WM) disease burden, quantified as WMH on T2-weighted fluid-attenuated inversion recovery (FLAIR) MRI, may not adequately reflect the total extent of WM injury and that microstructural injury to normal-appearing WM (NAWM) can be associated with clinical phenotypes. 6, 7 We hypothesized that, in patients with AIS, WM microstructural integrity can be assessed globally on diffusion tensor imaging (DTI) of NAWM in the hemisphere contralateral to the AIS (i.e., contralesional NAWM) and that the metrics of diffusivity will demonstrate association with acute ischemic tissue and long-term functional outcomes. We tested this hypothesis in a large, hospital-based cohort of patients with AIS and brain MRI acquired during the acute-stage evaluation. In this study, we sought to assess the relationship between the diffusivity metrics in the contralesional NAWM and acute infarct volume measured on diffusionweighted imaging (DWIv) and functional outcomes measured as a modified Rankin Scale (mRS) score at 3 to 6 months after stroke.
METHODS Standard protocol approvals, registrations, and patient consent. Informed written consent was obtained from all participants or their surrogates at the time of enrollment in this study. The Partners Institutional Review Board approved the use of human participants in this study.
Study design, setting, and patient population. Between 2003 and 2011, all participants .18 years old presenting to the Massachusetts General Hospital emergency department with signs and symptoms of AIS were eligible for enrollment in the institutional ischemic stroke cohort. Patients with confirmed acute DWI lesions on brain MRI scans performed within 48 hours of symptom onset and FLAIR sequences available for volumetric WMH quantification were included in this analysis. Of 481 initial participants, we excluded participants with DWIconfirmed infratentorial (brainstem or cerebellum) or bilateral supratentorial acute cerebral infarcts, motion artifact precluding MRI assessment, or a confirmed diagnosis of ischemia secondary to a systemic illness (vasculitis, subacute bacterial endocarditis, etc). Patients were also excluded if the contralesional hemisphere had a chronic infarct occupying more than one-third of the hemisphere territory. Baseline clinical characteristics and laboratory values were obtained through review of the medical records or direct interview of patients or their surrogates.
Clinical variables. Age was recorded at the time of enrollment in the study. Antecedent atrial fibrillation, coronary artery disease, diabetes mellitus, hyperlipidemia, hypertension, prior stroke/TIA, and tobacco use were determined from medical records or patient/surrogate interview. All patients were evaluated in the emergent setting by a neurologist, at which point stroke severity was assessed with the NIH Stroke Scale (NIHSS) score. Treatment with intravenous tissue plasminogen activator (tPA) or intra-arterial therapy was also recorded. Clinical and laboratory data were abstracted from the medical record, including first documented admission systolic blood pressure and diastolic blood pressure. AIS subtypes were assigned by neurologists (K.L.F., P. C., G.B., H.H.K., A.L.) according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification and for analysis dichotomized into small vessel (lacunar) and non-small vessel (nonlacunar) categories. 8 Clinical outcome assessment. Patients and their caregivers were interviewed in person or by telephone at 3 to 6 months after stroke to assess functional outcome with the mRS. Recurrent cerebrovascular events, newly diagnosed medical conditions, and medication use were specifically assessed in this interview. If the patient (or surrogate) was not available in person/by phone at 3 to 6 months after AIS hospitalization, his or her chart was reviewed and mRS score was abstracted from all the clinical data available contemporaneously. Only those patients for whom mRS score could be determined directly or from chart review (n 5 305) were included in this analysis.
Neuroimaging analysis. Image acquisition. MRI was performed within 48 hours of admission with a 1.5T Signa scanner (General Electric, Fairfield, CT) except for 4 cases performed on a 1.5T or 3T Siemens (Malvern, PA) scanner. In the majority of cases, diagnostic MRI included axial FLAIR (repetition time 5000 milliseconds, minimum echo time 62-116 milliseconds, inversion time 2200 milliseconds, 220-to 240-mm field of view 128 3 128 acquisition matrix upsampled to 256 3 256, 25-26 3 5-mm slices, 1-mm slice gap), DWI, and DTI (singleshot echo-planar imaging with 1 to 5 b 5 0 acquisitions, 6-30 diffusion directions [b 5 1000 s/mm 2 ], and 1 to 3 averages) sequences. DWI datasets were corrected for eddy current distortions and motion. 9 All DWI and FLAIR datasets were coregistered to one another with nonlinear coregistration techniques (Montreal Neurological Institute [MNI] Autoreg 10, 11 ) and to the MNI 452 1-mm atlas. 12 WMH volumetric analysis. The semiautomated approach to calculation of total WMH volume (WMHv) and derivation of WMH masks has been described previously. 13, 14 In brief, WMH and contralateral chronic infarct masks were constructed with MRIcro (www.mricro.com). Total WMHv was normalized for differences in head size (nWMHv) with a validated method for calculating intracranial area. 15 NAWM mask acquisition and analysis. WMH and chronic infarct masks in the hemisphere contralateral to the AIS (i.e., contralesional) were constructed in MRIcro on FLAIR images by a trained expert blinded to the clinical outcomes. Each apparent diffusion coefficient and fractional anisotropy (FA) sequence was coregistered to the individual FLAIR image and WMH and chronic infarct masks, in addition to the MNI 452 1-mm atlas, with nonlinear coregistration techniques (MNI Autoreg). 10, 12, 16 The probabilistic NAWM mask for the contralesional hemisphere was then determined, with a 90% probability for being within WM, by subtracting WMH (after morphometric dilation operation) and chronic infarct masks from the coregistered anatomic atlas (figure 1).
The median voxel values for FA, axial diffusivity (AD), mean diffusivity (MD), and radial diffusivity (RD) were obtained from the contralesional NAWM with the 90% probability NAWM mask. 17 Because WM was defined on the basis of probability masks, no threshold values were used for extraction of the diffusivity anisotropy metrics in this analysis. Statistical analysis. Variables were reported as mean 6 SD (for data with a normal distribution), median with an interquartile range (IQR; for data with a nonnormal distribution), or proportion/percentage of total participants. DWIv was normalized for head size using intracranial area 15 and subsequently natural log-transformed for linear regression analyses. Ordinal logistic regression analysis was performed to assess the association between clinical characteristics and 90-day mRS score. Variables that demonstrated a nominal value of p , 0.10 in univariable analyses were subsequently included in the multivariable regression models of acute tissue and long-term clinical outcomes. Follow-up mRS score was treated as an ordinal variable and lnDWIv as a continuous variable in all models. Variance inflation factor estimates were calculated to assess the influence of collinearity on variables in regression analysis. Statistical significance was set at a value of p , 0.05 in all analyses. Statistical analysis was conducted in SAS 9.3 statistical package (SAS Institute Inc, Cary, NC). . Median admission NIHSS score was 3 (IQR 1-9). Fifty-seven participants (18.7%) received intravenous tPA, and 9 participants (3.0%) underwent intra-arterial therapy. On the basis of the TOAST classification, 29 patients (10.4%) had strokes secondary to small vessel occlusive disease (figure 2). Table 1 summarizes baseline patient characteristics. Compared to the larger institutional dataset of AIS patients with brain MRI on admission, there was no significant difference in age, admission stroke severity, distribution of the TOAST subtypes, nWMHv, or poststroke mRS score (data not shown). 18 In (table 2) . There was no association between the metrics of diffusivity anisotropy and acute infarct volume.
In DISCUSSION In this analysis, we demonstrated that metrics of diffusivity extracted from the NAWM in the hemisphere contralateral to the acute ischemic lesion are associated with a clinical measure of functional poststroke recovery. As a surrogate of microstructural WM integrity, lower values of FA detected on the admission MRI were associated with higher mRS scores collected at 3 to 6 months after stroke. These data suggest that the preexisting burden of microstructural WM disease may affect functional recovery after stroke and that diffusivity anisotropy measurements of NAWM may serve as a novel imaging marker of this relationship in patients with ischemic stroke. In the future, because FA is believed to reflect in vivo axonal microstructure, 19, 20 loss of axonal integrity detected in NAWM with validated FA thresholds may improve prediction models of poststroke recovery.
Prior studies demonstrate that global DTI-based measurements of WM provide a more accurate account of microstructural changes associated with cognitive and functional performance in general populations. 7, 21 Our data demonstrate that global assessment of the microstructural WM integrity is feasible in a hospital-based AIS cohort and that diffusivity metrics within the NAWM of contralesional hemisphere may serve as markers of functional outcome in this patient population when included in the models adjusted for traditional clinical variables and measurement of macrostructural assessment of WMH.
At the macrostructural level, WMH burden has been previously linked to infarcted cerebral tissue volume and likelihood of expansion, 1,2 as well as admission NIHSS score. 22 In addition, WMH burden deleteriously affects functional outcomes at 1 to 12 months after ischemic stroke and is associated with greater likelihood of long-term disability. [3] [4] [5] [23] [24] [25] There is a growing body of evidence, however, that clinically significant WM injury may exist that is subthreshold of T2 FLAIR detection and that represents a form of microstructural injury. 6, 7, 21 DTI-based techniques, which are predicated on the quantification of the randomness of water molecule diffusion, are informative on the microstructural integrity of WM. 9, 26, 27 With respect to NAWM, several studies have used a DTI-based approach to emphasize that the detection of microstructural injury of NAWM precedes the genesis of overt WMH. 6, 28 A recent study of patients with mild ischemic stroke demonstrated that MD was the most sensitive metric for distinguishing WMH from NAWM and that the accumulation of interstitial fluid is involved in WMH pathogenesis. 17 Therefore, it is reasonable to assume that DTI-based anisotropy metrics of NAWM provide insights into WM composition and, as a result, are informative of functional connectivity and overall cognitive performance. 7, 27, [29] [30] [31] Thus, it seems intuitive that WM integrity would influence poststroke recovery. 3, 4, [32] [33] [34] [35] The exact mechanisms by which prestroke WM integrity might influence poststroke functional recovery are yet to be determined; however, data that underscore the role of structural connectivity in functional performance in general populations point in the direction of potential underlying pathology. 7, 21 Therefore, more severe total pre-AIS burden of WM disease (including overt WMH and microstructural injury in NAWM) may signify a degree of subclinical baseline cognitive and functional decline that predisposes these individuals for less favorable recovery after AIS.
In our analysis, FA was associated with functional poststroke outcome at a nominal level of significance in univariate analysis but emerged as an independent DTI measurement in multivariable analysis, as opposed to MD, RD, and AD. There are several possible explanations for this observation. First, there is a degree of collinearity between MD, RD, AD, and FA that is predicated on how these variables are calculated. The principal eigenvalues that contribute to the calculation of diffusivity anisotropy metrics are shared between MD and AD (l 1 ) and MD and RD (l 2 and l 3 ), whereas FA represents the normalized variance of l 1 , l 2 , and l 3 . 26 However, the final model, which accounted for potential collinearity among these variables by using a forward-selection stepwise regression technique, was not significantly altered. The observation that reduced FA alone was not an independent predictor of follow-up mRS score in univariable analysis is likely due to known FA heterogeneity. Alternatively, the effect size of each individual DTI metric is small, and the statistical power in this analysis might be insufficient to demonstrate an independent association between each individual variable and functional outcome. Therefore, we hypothesize that, on the basis of the results of the univariable analysis, FA, MD, RD, and AD are to some extent associated with poststroke functional outcome; however, their contributions to the multivariable analysis may be offset somewhat by collinearity.
In this analysis, we used tissue segmentation results for NAWM and WMH in combination with diffusion maps to assess global metrics of NAWM microstructural integrity. A similar approach was recently used to demonstrate that global NAWM microstructural integrity improved stroke risk prediction. 36 Global WM integrity may also play a role in compensatory mechanisms of early and long-term poststroke recovery, as has been suggested by studies on overt WMH burden. 4, 23, 37 In line with this hypothesis, our findings of reduced FA in the contralateral NAWM being associated with functional recovery implicate a contribution from WM integrity to poststroke recovery. Supporting our findings, in patients in the chronic state of recovery from left hemisphere ischemic stroke, FA values in specific regions of interest in the contralateral hemisphere (middle temporal gyrus, precentral gyrus, and pars opercularis) were predictive of speech fluency. 38 Similarly, in a cohort of patients with right hemispheric ischemic stroke, with the use of Tract Based Spatial Statistics, FA values in the specific regions of the contralateral hemisphere correlated with performance on neuropsychological testing. 33 Our data now offer new evidence to demonstrate the utility of global measures of WM integrity in this population.
The effect of WM integrity on functional outcome after AIS appears to be independent of its effect on acute infarct size. In this analysis, we demonstrated that diffusivity anisotropy metrics in the contralateral NAWM were not associated with acute DWI lesion volume. However, both NIHSS score and small vessel (TOAST) stroke subtype were independently associated with acute infarct volume, consistent with prior reports. 1, 22 Interestingly, small vessel stroke subtype was not associated with mRS score, which is likely a consequence of insufficient power of this portion of the analysis (n 5 29 patients with stroke attributed to small vessel occlusion), or alternatively, it is suggestive of a complex relationship between clinical outcome and stroke subtype, which may involve additional variables such as interaction with stroke lesion topography. 18 Overall, the role of WM microstructural integrity in the acute ischemic tissue outcomes warrants further investigation.
Several limitations of this study warrant consideration in the interpretation and general applicability of our results. First, this retrospective analysis of a prospectively collected, cross-sectional hospital-based cohort is subject to the important limitations inherent to such design. In particular, an inherent selection bias might have contributed to the inclusion of AIS patients with milder stroke severity, small DWIv, and consequently, prevalence of favorable long-term outcomes. Despite the fact that 57% of patients had strokes attributed to either large artery or cardioembolic etiologies with the use of the TOAST classification, more severe syndromes often seen in association with the large artery atherosclerosis and cardioembolism are underrepresented in our cohort. The impact of severe stroke syndromes on poststroke outcomes is expected to be significant, making it difficult to discern the effect of microstructural WM changes in models of clinical outcome. To overcome these challenges and to differentiate the full effect of WM injury on functional outcomes in etiologically various stroke subtypes, future studies that are systematic and adequately powered are required. Furthermore, we were not able to demonstrate the well-established effect of intravenous tPA and intra-arterial therapy on longterm functional outcomes in this cohort, 39, 40 which is also most likely related to the mild stroke severity of the cohort, resulting in low treatment rates (18.7% intravenous tPA and 3.0% intra-arterial therapy) and insufficient statistical power to demonstrate the effect of acute interventions.
Second, this analysis was restricted to AIS patients who had DWI and FLAIR MRI within 48 hours from symptom onset, which could potentially confer bias by capturing evolving infarcts that underestimate final infarct volume. In addition, we excluded participants with bilateral supratentorial DWI lesions, patients with infratentorial lesions, and those with MRI scans unsuitable for volumetric and diffusivity metrics analysis. While possibly contributing to a potential selection bias (as above) in this analysis, there were no significant differences in age, median NIHSS score, DWIv, WMHv, TOAST stroke subtype distribution, or follow-up mRS score between our study subset and the larger institutional dataset of AIS patients with admission brain MRI (data not shown). Third, we were not able to demonstrate a statistically significant association between WMHv and outcomes, possibly a result of the deliberate approach to this analysis that is not limited to a specific stroke subtype, as opposed to prior studies. In this study, we prioritized the considerations of statistical power to discover the effect of DTI metrics on mRS score, which required the greatest sample size available. Fourth, we elected to assess median values of the selected diffusivity metrics within contralesional NAWM rather than targeting a specific region of interest, as has been done in some prior studies. 41, 42 While region-of-interest analysis is important for tract-specific changes, we draw from the established methodology of a global assessment of NAWM integrity that proved to be more informative with regard to the complex functional assessments in the general population and is likely to have a broader role in the studies of poststroke recovery. 7, 21, 41 The variability in the number of diffusion-encoding gradient directions and number of excitations could potentially introduce error in the DTI acquisition; however, this was previously reported to not significantly affect mean FA or MD measurements despite slight differences in the individual eigenvalues. 43 Lastly, our approach was predicated on clinical scans (e.g., 1.5T MRI in the acute setting of hospitalization) as opposed to high-resolution neuroimaging. This resulted in nonisotropic voxel for FA analysis, which might have led to some bias due to partial volume averaging. 44 However, high-resolution isotropic whole-brain DTI requires several minutes to acquire, which is not feasible for acute stroke patients. In addition, we consider it to be a strength of our study that our findings are based on standard clinical DTI scans and therefore could be practically useful in the immediate clinical setting.
Additional strengths of our study include a large hospital-based cohort of AIS patients, rigorous quality control applied to the MRI analysis pipeline, assessment of MRI variables by investigators blinded to clinical outcomes, volumetric analysis of WMH and acute infarct lesion burden, and use of the mRS score as an ordinal variable to prevent loss of information that occurs as a result of dichotomization.
We report herein a role for diffusivity anisotropy metrics of the contralesional NAWM obtained in the acute stage to predict long-term functional outcomes in acute cerebral ischemia. Our findings highlight that in the acute stages of ischemic stroke, diffusivity anisotropy metrics of contralesional NAWM, while having no influence on DWI volume, are strongly linked to long-term functional outcomes. These data suggest that DTI analysis in patients with AIS could contribute to early and improved prognostication of poststroke recovery and warrant future studies of WM structural integrity in stroke outcomes.
